Results of investigations of shearing resistance and compressibility of fine-grained cohesive soil from the southern part of the wielkopolskie voivodeship in relation to the increasing moisture content are presented. The analysis of two series of samples, using soil paste for the consistency index of 0.9 and 0.4-0.3 was carried out. The results imply that the increasing moisture content causes a decrease in the angle of shearing resistance and cohesion and is also reflected in the higher compressibility of the soil. It was observed that regardless of the soil consistency, the angle of shearing resistance decreases and the cohesion value and the oedometric modulus of primary (consolidation) and secondary compressibility grows with the increase in the clay fraction.
INTRODUCTION
Mechanical properties of soils, assessed chiefly on the basis of the shearing resistance and compressibility, depend on a number of factors implied by their origin, geological history and alterations in the hypergene zone. Fine-grained, soft soils contain clayey fraction, below 0.002 mm, where highly hydrophilic clay minerals are concentrated. Those soils have a well-developed specific surface, on which significant quantities of bound water may retain. Along with the increasing water content in these soils, their consistency changes from stiff to soft (PN-EN ISO 14688-2:2006 [22] ). The soil consistency has impact on the values of its shearing resistance and compressibility.
The paper concentrates on the assessment of values variation range of the shearing resistance angle and the oedometric compressibility modulus, where as a result of the soil moisture content increase, the soil having stiff consistency (I C = 0.9) will have the soft consistency (I C = 0.4-0.3).
The research was carried out on soil pastes in which the natural structural bonds controlled by the sediment origin were destroyed. This facilitated analysis of only selected factors. Such research model may provide an explanation as to the extent to which the change of consistency from stiff to soft would diminish the properties of soils as a building substrate. The results may also be used for the assessment of mechanical properties of soils used in earthen structures. The performance of research on soil pastes enabled the analysis solely of the moisture content impact on the shearing resistance and compressibility at a constant granulometric and mineralogical composition. Model research on soil pastes was presented, e.g., by Szczepański [25] , Borowczak [3] and Dobak, Kowalczyk [8] .
The cohesive soils in Poland are represented chiefly by the Poznań clays (Neogene) and glacial tills (Pleistocene). In the southern part of the Wielkopolskie Voivodeship, these sediments have been mined as a raw material for ceramic industry for many years. Sediments occur at shallow depths and in large quantities, therefore being easily accessible as a material which can be used as a liner for waste landfills, and to construct flood dykes or water reservoir dams. Insulation properties, such as water permeability or sorption properties, have been studied for many years. On the other hand, only sparse data on the mechanical properties of these sediments with regard to their application as waste landfill liner, flood dyke or water dam construction were published. In all of these facilities, the soil moisture content may increase an unexpected failure. Therefore, an assessment is necessary of the degree to which the transition of the soil to the soft consistency will diminish their shearing resistance and increase the compressibility. This is important both with regard to the waste landfill lining and hydroengineering structures, as to have adequate mechanical properties in addition to insulation properties.
METHODS OF INVESTIGATION
The research was carried out near the towns of Rawicz and Krotoszyn in the S part of the Wielkopolskie Voivodeship (Fig. 1) .
The analysis of archival documentations, chiefly of the Detailed Geological Maps of Poland to the scale of 1: 50 000 -the Krotoszyn sheet (Błaszczyk [2] ) and the Rawicz sheet (Nowak [15] ), the same sheets of the sozological maps, and also papers by Piwocki [19] , Kasiński, Czapowski [12] , the data from the Krotoszyn Town Office [31] , as well as papers by Szymkowiak et al. [27] and Kajetańczyk et al. [11] , enabled selection of a dozen locations of glacial tills from the Middle Poland glaciation and the Poznań clays. The Poznań clays are grey or yellow-grey in colour, moist and have stiff consistency, while the glacial tills of the Middle Poland glaciations are brown or brown-grey, also moist and of stiff consistency.
After a site visit and location accessibility the following three sites were selected for detailed research: Rozstępniewo, Sulmierzyce and Biadki (Fig. 1) .
During field work 16 holes were drilled (with a hand-held drill) to a depth of 3 meters, on the area of a former clay pit. Four soil samples were collected in Biadki (samples B1-B4), the same number in Rozstęp-niewo (samples R1-R2), whereas eight samples were collected in Sulmierzyce (samples S1-S8). The macroscopic observation allowed us to determine the name and the consistency of soil, moisture content and colour, and the calcium carbonate content. The investigations were carried out in accordance with two standards: PN-EN ISO 14688-1 [21] and PN-EN ISO 14688-2 [22] . The soil samples with the disturbed structure, natural moisture content and natural gradation were placed in tight bags and transported to the laboratory.
The laboratory tests were performed at the Engineering Geology Laboratory of the Institute of Geological Sciences at Wrocław University. Investigations of the physical properties included the natural moisture content measurement, the bulk density of soil, the plasticity limit determination with the rolling method and the liquid limit determination using the Casagrande method. The porosity and the void ratio has been calculated, too. The investigations were carried out on the basis of the standard PN-EN ISO 14688-2 [22] and PN-EN 1997-2 [23] . The granulometric content was determined using the pipette analysis after Myślińska [14] (substituting boiling of the mixture with agitation on the magnetic agitator). The angle of shearing resistance, cohesion and the oedometric modulus of compressibility were analysed in two series, using soil pastes.
The first series of tests, which involved analysis of soil with the natural moisture content, rendered the consistency index values I C = 0.9. In the second series, the paste moisture content was increased to reach the soft consistency, with the consistency index I C = 0.4-0.3. Moistened samples were used to prepare soil pastes, which were then compacted upon reaching (in the air dry conditions) the assumed moisture content. Each sample was compacted in tightly shielded rings of 15 cm in diameter under a load of 200 kPa until the volumetric density of in-situ soils was reached. The investigations carried out at such volumetric densities shall enable us to relate -with a certain approximation -the results to soils that form the building substrate. Moulds for shear test box and oedometer investigations were cut out from soils prepared in this way. During these investigations, the soils were not saturated with water.
The shear strength of soil was measured in the direct shearing apparatus Matest S277-02. The tests were carried out with the Q (quick) method -unconsolidated and undrained soil was subjected to shearing. The shearing rate was set at 0.1 mm/min. Each soil sample was tested at the load equal to 100, 150 and 200 kPa.
The investigations were carried out in line with the Coulomb-Mohr hypothesis. Upon testing of each mould under a given load, the apparatus generated a graph τ f (ε), from which the maximum value for the first peak was read out -the moment of the sample shearing. When the complete set of τ f values for each load was obtained, the Coulomb line was drawn, which in turn was used to determine the angle of shearing resistance and the cohesion (Fig. 2, Fig. 3 , Fig. 4 ). Each mould was sheared several times to eliminate errors, and therefore the maximum failure value was not determined. The deformation criterion was not determined due to the non-uniform state of sample deformation during the tests resulting from the specificity of the apparatus.
The compressibility was analysed in oedometers, while loading and unloading the samples until the settlement stability was reached and drawing the primary compressibility (consolidation), secondary compressibility and deformation curve. In accordance with the standard PKN-CEN ISO/TS 17892-5 [20] , after each applied loading or unloading of the sample, the readout from the displacement sensors was made. After 24 hours necessary for the settlement stabilization, the following range of loads -two times higher or lower than the previous one -was applied. The consecutive loading applied to the samples amounted to 12.5, 25, 50, 100 and 200 kPa. Upon the test completion, oedometric modulus of primary compressibility for 0-100 and 100-200 kPa and oedometric modulus of secondary compressibility for 12.5-100 and 100-200 kPa were determined ( Fig. 5., Fig. 6 .).
RESULTS AND DISCUSSION
The granulometric composition determines the per cent concentration of individual fractions present in the soil in relation to the sample weight. It is one of the main factors influencing the shearing resistance (Yuan et al. [35] ) and the compressibility (Tiwari, Ajmera [28] ) of soil.
The Poznań clays, collected from the Rozstępniewo (samples R1-R4) and Sulmierzyce (samples S1-S8 described as a clay) contain 0.1-0.2% of the gravel fraction, 3.2-42.1%, of the sand fraction, 20.3-50.1% of the silt fraction, and 37.1-53.6% of the clay fraction ( Table 1 ). The individual fraction concentrations are in accordance with the values presented in the papers by Choma-Moryl [5] and Duczmal-Czernikiewicz [9] .
The tills from Biadki (samples B1-B4) described as a clay with sand and silt, representing the Middle Poland glaciation contain 2.0-4.6% of the gravel fraction, 42.8-47.0%, of the sand fraction, 22.3-24.5% of the silt fraction, and 28.0-28.8% of the clay fraction (Table 1 ). All the soils were classified according to the standards mentioned PN-EN ISO 14688-1 [21] and PN-EN ISO 14688-2 [22] . 
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The volumetric density and the porosity values of the soils studied vary only in a small range (Table 1) . Porosity ranges were found between 40.1 and 29.5%. The lowest values were obtained for clay loams, which is understandable considering the most diversified concentration of the individual fractions.
One of the major factors influencing the mechanical properties of soil is the water content (Valasti [32] ). Determination of the natural moisture content and the moisture content of consistency limits was the basis for the assessment of mechanical properties variation in the Poznań clays and the glacial tills (clay with sand and silt from Biadki) in relation to the soil consistency. The natural moisture content in most samples was close to the moisture content of the plastic limit. This means that the samples were collected in the stiff consistency (I C = 0.9). The liquid limit of the investigated soils revealed dependence on the clay fraction content. For the Rozstępniewo soils (samples R1-R4) and part of the soils from Sulmierzyce (samples S5-S8), containing over 40% of the clay fraction, its value ranges between 69.3 and 83.6%. In the case of the other soils, characterized by the clay fraction content close to 30%, the liquid limit is much lower: 32.9-51% (Table 1) .
Clays sheared in the stiff consistency (I C = 0.9) had the angle of shearing resistance from 7 to 9 degrees and cohesion between 24 and 40 kPa. Those Table 2) .
The results of investigations imply that the moisture content increase caused the decrease in the angle of shearing resistance and the cohesion values. The results are in compliance with those quoted by numerous authors, for example, Gana, Rahardio [10] , Pisarczyk [18] , as well as Chudy and Pawlak [6] .
The greatest differences between the values of the angle of shearing resistance for the soils in the stiff and the soft consistency reached 3-4°. Those results were determined in the clays with sand and silt near Biadki. In the clays differences were within a range of 1-2°. One exception was sample R2, for which the value was found to be4° (Fig. 7) . The greatest impact of the increasing moisture content on cohesion was observed in the Poznań clays from Rozstępniewo, in which the clay fraction was in the range between 51.9% and 53.4%. Differences between cohesion values at the consistency index of 0.9 in comparison to the consistency index value of 0.4-0.3 reached 10-13 kPa. In the clay from Sulmierzyce, containing between 44.2% and 47.6% of the clay fraction, cohesion decreased by 4-10 kPa as a result of the moisture content increase, and in the clays with the clay fraction content of 37.1 -37.9%, by 1-2 kPa. In the clays with sand and silt from Biadki, containing nearly 28% of the clay frac- tion, the moisture content increase resulted in the decrease in the cohesion value by 1-3 kPa (Fig. 8) .
Upon test completion, the soil moisture was decreasing according to expectations. After shearing of stiff soils, the moisture content decreased by several per cent. Greater changes, which reached nearly 10 per cent, were determined in the soils of soft consistency.
The clays containing more clay fraction have different values of the shearing resistance when compared to the clays with sand and silt characterized by a lower amount of this fraction.
The greater angles of shearing resistance determined in the clays with sand and silt from Biadki (in comparison with the clays) result from a slightly bigger concentration of the sand fraction and the presence of a several percent amount of the gravel fraction. The increasing moisture content reduces the friction resistance leading to the decrease in the angle of shearing resistance.
A greater content of the clay fraction in the soil causes an increase in the number of contact points between particles per unit of the shearing plane. In the soils characterized by the lower moisture content, which contain chiefly strongly bonded water, the intensity of the mutual interactions between particles increases, resulting in the higher cohesion. The moisture content increase results in the increased distance between particles, reduced electrostatic and molecular interactions, and therefore in the lower cohesion. Therefore, in the soils containing more clay fraction, differences in the cohesion values among soils in the stiff and soft consistency are the greatest. It should be borne in mind, however, that the decrease in cohesion will not depend solely on the clay fraction content. The particle interaction intensity is controlled also by the width of the double electrical layer, which, in turn, depends on the chemical composition of water, the concentration of electrolytes and the cation valence.
In the shearing resistance tests, the cohesion and the angle of shearing resistance increase with the growing concentration of the clay fraction in the soil (Tiwari, Ajmera [28] ). The greater content of coarser fractions results in a decrease in cohesion and an increase in the angle of shearing resistance, which is indicated in the papers by, e.g., Trask [30] , Pakbaz, Moqaddam [17] and Yanrong [34] .
Oedometric moduli of primary compressibility were calculated for the load ranges 0-100 kPa and 100-200 kPa and oedometric moduli of the secondary compressibility -for the ranges 12.5-100 kPa and 100-200 kPa. The tests were also made in two series for the tills (clay with sand and silt) and the clays in the stiff (I C = 0.9) and the soft consistency (I C = 0.4-0.3) ( Table 3) .
The test results imply that the moisture content increase caused a decrease in the values of the oedometric modulus of primary and secondary compressibility (Figs. 9 and 10 ). The lowest compressibility value for both load ranges was determined for soils with the clay fraction content above 40%. The other soils showed considerable compressibility under these Table. 3. The test results for oedometric modulus of primary (M 0 ) and secondary (M) compressibility for consistency index I C = 0.9 and I C = 0. conditions. The high oedometric modulus of secondary compressibility (especially in the load range 12.5-100 kPa) should also be stressed. This is indicative of a possible decrease in the soil compressibility as a result of the preliminary loading, i.e., the improvement of the soil strength. Upon completing compressibility test, a considerable decrease in the moisture content was observed in the soil pastes, both in the soils of the stiff and the soft consistency ( Table 3 ). The loss of water up to over 50% in all the samples was tested.
The compressibility increased strongly in soils characterized by the soft consistency, which is supported by the results obtained by other authors (Wdowska [33] ). A particularly high compressibility is typical of the clay and till (clay with sand and silt) with the clay fraction content below 40%. In the soils containing the clay fraction, the water permeability decreases -these are impermeable or poorly permeable soils characterized by difficult water percolation. This is also a long-term process. Water is connected to the particle surface, which entails significant stress that increases the soil resistance to the load applied (Szymański [26] ). The increase in the water saturation of spaces between the particles and pores in the soil, results in an increased distance and a reduced stress between them. As a result, the soil resistance to the load decreases and its compressibility increases (Alikonis [1] , Szymański [26] ). The values of the oedometric modulus of compressibility in the soft consistency classify the soils as weak due to their significant compressibility (Singh et al. [24] , Dave et al. [7] , Olsson et al. [16] and Mamat [13] ).
CONCLUSION
The paper presents results of investigations of the angle of shearing resistance, cohesion and compressibility obtained for the Poznań clays and glacial tills from Rawicz and Krotoszyn vicinity. The investigations were conducted on soil pastes in the stiff consistency (I C = 0.9) and the soft consistency (I C = . Those soils were the basis for the determination of variations of the aforementioned parameters depending on the soil consistency that, in turn, depends on the moisture content. According to the predictions, the increasing moisture content caused the reduction of these parameter values, i.e., resulting in the decrease in the soil properties in terms of usefulness as a building subbase.
Due to the fact that the investigations were performed on soil pastes with the volumetric density reflecting the in-situ values, the results may (with a certain approximation) be referred to soils that form the building substrate. Where such soils are used to construct the waste landfill lining or hydro-engineering structures need to be compacted. It is a well-known fact that the maximal compaction is obtained at the optimum moisture content. The results imply the importance of the selection of adequate compaction conditions, for which the moisture content increase will not diminish the shearing resistance and compressibility. On the basis of the investigation results it is possible to state that the moisture content increase has a greater negative impact on the soil compressibility than on the shearing resistance.
The values of the angle of shearing resistance and cohesion in the soft soils decreased to a lesser extent than the oedometric modulus of compressibility that showed a considerable reduction in the case of soils in this consistency. A particularly high compressibility is typical of the soils with the clay fraction content in the range of 28-38%. It was also observed that regardless of the soil consistency the angle of shearing resistance decreases and the cohesion and the oedometric modulus of primary and secondary compressibility grows with the increase in the clayey fraction.
